[1] Ambient measurements are reported of aerosol light absorption from photoacoustic and filter-based instruments (aethalometer and a particle soot absorption photometer (PSAP)) to provide insight on the measurement science. Measurements were obtained during the Big Bend Regional Aerosol and Visibility Observational Study at the Big Bend National Park in South Texas. The aethalometer measurements of black carbon concentration at this site correlate reasonably well with photoacoustic measurements of aerosol light absorption, with a slope of 8.1 m 2 /g and a small offset. Light absorption at this site never exceeded 2.1 Mm À1 during the month of collocated measurements. Measurements were also obtained, as a function of controlled relative humidity between 40% and 90%, during the Photoacoustic IOP in 2000 at the Department of Energy Southern Great Plains Cloud and Radiation Testbed site (SGP). PSAP measurements of aerosol light absorption correlated very well with photoacoustic measurements, but the slope of the correlation indicated the PSAP values were larger by a factor of 1.61. The photoacoustic measurements of light absorption exhibited a systematic decrease when the RH increased beyond 70%. This apparent decrease in light absorption with RH may be due to the contribution of mass transfer to the photoacoustic signal. Model results for the limiting case of full water saturation are used to evaluate this hypothesis. A second PSAP measured the light absorption for the same humidified samples, and indicated very erratic response as the RH changed, suggesting caution when interpreting PSAP data under conditions of rapid relative humidity change. 
Introduction
[2] Aerosol light absorption measurements are important for quantifying the role of black carbon aerosol (BC) in climate. BC originates from incomplete combustion of carbon-containing material. The radiative impact of greenhouse gases such as CO 2 and methane is thought to be offset, at least in part, by the anthropogenic production of sulfate and nitrate aerosols that scatter sunlight, increasing the Earth's albedo [Charlson et al., 1992] . In contrast, the predominant effect of BC is heating of the atmosphere. Long-range transport of BC into cloudy regions over oceans perhaps contributes to a lack of cloudiness as clouds are burned off by the heat provided in the light absorption of sunlight [Ackerman et al., 2000; Schwartz and Buseck, 2000; Lohmann and Feichter, 2001] . BC can also significantly reduce the albedo of clouds [Danielson et al., 1969; Chylek et al., 1984] . Recent aircraft measurements during the INDOEX experiment in the Indian Ocean found high concentrations of total aerosol and black carbon aloft, values that are as large as observations in suburban North America and Europe [Lelieveld et al., 2001] . BC was found in mass concentration of about 4.8 micrograms per cubic meter, corresponding to a light absorption coefficient of about 38 Mm À1 , and a single scattering albedo of between 0.8 and 0.9. Such high levels are in contrast to the significantly lower values often seen at the SGP or in the arid southwestern USA [Pinnick et al., 1993] , around perhaps a few Mm À1 . South and Southeast Asia can be a potent source of air pollution from the activities associated with agricultural burning and other use of biofuels. Accurate measurements of aerosol light absorption are vital for understanding the role of aerosols in climate as recently emphasized by Andreae [2001] .
[3] The most common methods employed for aerosol light absorption measurement are indirect, filter-based methods [Horvath, 1993] . The basic principle of the measurement is to deposit aerosol on a filter by pulling air sample through it at a known flow rate, and to interpret the increase of light attenuation across the filter as a measure of aerosol light absorption. Because aerosol particles are deposited on a multiple scattering substrate, apparent light absorption is greater by around a factor of 2 from the value expected for a given mass of light absorbing aerosol in the air [Bodhaine, 1995] . Filter based methods are calibrated empirically, so that the apparent filter-based light absorption can be converted into a number that resembles the value expected for aerosol in the free air. For example, a particle soot absorption photometer (PSAP, manufactured by Radiance Research, Seattle Washington) is used at the SGP, both on the ground and aloft, for aerosol light absorption measurements. The PSAP response is written as a two-term expression with one term proportional to the actual aerosol light absorption coefficient, and the other term related to the interference caused by aerosol light scattering [Bond et al., 1999] . In this calibration work, the PSAP response was compared with a reference method that obtained light absorption from the difference between light extinction and scattering, though light scattering was slaved to extinction by measurement first with nonabsorbing aerosol. An assortment of reference aerosol, both primarily scattering and primarily absorbing, was tested in various combinations. While the precision and intercomparison of measurements made with two or more PSAPs are quite impressive, the accuracy of the measurement is perhaps less assured. In practice, the apparent light absorption measurement from the PSAP must be accompanied by a light scattering measurement to provide a scattering correction, a practice found to be useful for other filter methods [Horvath, 1997; Moosmüller et al., 1998 ].
[4] An alternative to filter-based methods for light absorption measurement is to use a photoacoustic instrument [Adams, 1988; Adams et al., 1990; Petzold and Niessner, 1996; Arnott et al., 1999] . No filters are used in these instruments, but instead, the sample air is continuously drawn through an acoustical resonator. A periodically modulated laser beam also passes through the resonator. Concomitant with light absorption by either gas or particles is heat transfer to the surrounding air. The resonator can be designed with an acoustic resonance frequency such that all of the heat from light absorption is transferred during the acoustic period. Upon receiving this heat, from light absorption, the surrounding air expands and this expansion contributes to the acoustic standing wave in the resonator. Measurement is made with a microphone. The microphone signal is linearly proportional to the aerosol light absorption coefficient. In practice, if one is seeking to measure particulate light absorption, the choice of laser wavelength is made to minimize influence of standard atmospheric gases. The typical wavelength DRI uses for the visible region is 532 nm, where high efficiency, frequency-doubled, compact ND-YAG lasers are available. In the near IR, 1047-nm lasers are used.
[5] The photoacoustic measurement is a zero-based measurement in the sense that no light absorption corresponds to no microphone signal. By comparison, typical extinction measurements require careful monitoring of a reference level. The art to making the photoacoustic method viable in practice is to design the system so that the influence of ambient and pump acoustic noise are minimized [Arnott et al., 1999] . The theoretical calibration of the DRI photoacoustic instrument has been thoroughly tested against light absorption measurements on absorbing gases, something that simply can not be done with a filter-based method [Arnott et al., 2000] . The photoacoustic method has been touted as the desired way to obtain aerosol light absorption [Andreae, 2001] .
[6] Most of the existing literature on aerosol light absorption measurements describes results obtained with filterbased methods. One purpose of this paper is to show comparisons of data obtained by both methods. It will also be shown that the accuracy of light absorption measurements for RH > 60% is still not well defined.
Photoacoustics of Volatile Aerosol: Approximate Theory
[7] Photoacoustic signals can be produced from the heat generated by light absorption [Rosencwaig, 1980] , but mass transfer may also generate these signals. For example, consider a small water droplet illuminated by a 10.6-mmwavelength laser. Since water absorbs strongly at this wavelength, the droplet will absorb power from the laser beam in quantity equal to the droplet absorption cross section multiplied by the laser irradiance. Some of the absorbed laser power will heat the particle, and some will be used by the latent heat involved with adding more water vapor molecules to the volume surrounding the droplet. These additional water vapor molecules contribute to the acoustic disturbance, in addition to the transfer of heat from the droplet to the surrounding air, and to the subsequent expansion of the air.
[8] But pure water droplets have a very low absorption cross section at visible wavelengths while black carbon aerosols (''soot'') do have strong absorption cross sections in the visible, and are responsible for most of the particulate light absorption in the atmosphere for visible wavelengths. Soot is known to take up water vapor at relative humidities below 100%, with certain sites on the complex soot geometry (10 -30 nm spherical monomers aggregated together to form particles of up to a few microns in maximum dimension) beginning to exhibit multilayer adsorption for relative humidity as low as 50% [Chughtai et al., 1999] .
[9] The reduction of photoacoustic signal by latent heat and mass transfer is analogous to the reduction observed in the photoacoustic spectrum of gaseous NO 2 when the light wavelength drops below 410 nm [Harshbarger and Robin, 1973] . In this case, 410 nm is the wavelength threshold for photodissociation of NO 2 , so some of the radiant energy is used in breaking the bond between NO and O.
[10] An approximate, but relevant form of the theory for resonance photoacoustics of volatile droplets will be used to estimate the photoacoustic signal reduction when mass transfer is important [Raspet et al., 2002] . The theory is an extension of the low frequency analysis [Baker, 1976] to frequencies relevant for resonant photoacoustic instruments that operate at high frequency. The reciprocal of the resonance frequency is the acoustic period, and it is this timescale that is important relative to the time for heat to transfer from the particle to the surrounding air.
[11] Envisage a fictitious particle that has the absorption cross section, heat capacity, and density of black carbon, but is a liquid with the vapor pressure of water. This particle can be evaluated with the theory, and should provide insight on the limiting case of a carbon core with a thick water shell. The model does not consider change of the particle absorption cross section or morphology with humidity, it only considers the influence of evaporation and condensation on the generation of sound in the resonator. The particle can be rendered ''dry'' by simply setting the diffusion coefficient for water vapor in air to zero.
[12] The variables are defined as follows, along with their MKSA dimensions: ); R universal gas constant (J/mole K); c p,p particle specific heat capacity (J/kg K); r p particle density (kg/m 3 ); w radian frequency (radian/sec); r 0 particle radius (m); g ratio of specific heats, c p /c v , for the gas mixture; A res cross sectional area of the acoustical resonator; B abs absorption coefficient, inverse distance dimensions; c adiabatic speed of sound; f r resonance frequency of the acoustic resonator (Hz); P mic ( f r ) acoustic pressure at f r , from light absorption (PA); P L ( f r ) laser beam power at f r (mW); Q dimensionless quality factor of the acoustic resonator; i imaginary number of unity magnitude. The expression used to obtain light absorption from Arnott et al. [1999 Arnott et al. [ , 2000 is
The dimensionless photoacoustic source including evaporation and condensation is
where the mass transfer term is
the dimensionless heat transfer term as modified by mass transfer is
a dimensionless term associated with evaporation plus condensation is
a dimensionless term associated with thermal relaxation, i.e. the time, t, it takes for heat to transfer from the particle to the surrounding air is
Putting it all together now, the photoacoustic source can be written
By comparison, the photoacoustic source, S dry , for a totally dry aerosol with a small enough radius so that heat transfer to the surrounding air is much faster than the acoustic period is
In practice, S = S dry (with T = 0) is commonly used in equation (1) to obtain the 'measured' aerosol light absorption. The ratio S/S dry as a function of temperature is shown in Figure 1 , assuming that T ! 0 (that is, the time for heat to transfer from the particle to the surrounding air is much less than the acoustic period). This assumption can be empirically evaluated by evaluating the phase difference between the microphone signal and the oscillating power of the laser beam since T is the theoretical phase shift for dry particles. No discernable phase shift has been observed in the measurements reported here, consistent with this assumption. The transport and thermodynamic properties for dry and moist air were calculated using the code used for the results obtained by Raspet et al. [1999] . Parameters useful for evaluating T are given by Chan [1975] .
[13] Figure 1 shows, for example at T = 30 C, that if equation (1) is used to obtain light absorption in the normal way, but the aerosol does is in fact have the volatility of water vapor, the reported B abs would be 0.3 the value it would be if the aerosol was dry. This suggests that aerosol should be dried before photoacoustic sampling of light absorption. It also suggest that simultaneous measurements of dried and humidified samples could provide insight on the hydration state of black carbon, by looking at the reduction of photoacoustic signal as due to the contribution of mass transfer.
[14] Notice a limiting behavior of E in equation (5). If the density of dry air, r 1 , goes to zero, then E ! 1. In this case, use of the diffusion coefficient is meaningless since the water vapor does not have to diffuse through any other gas to leave the particle. In this case the photoacoustic source is likely all due to mass transfer, S = c 2 /L, though the kinetics of mass transfer should be considered in this limit. The main effects of relative humidity on observed light absorption will be discussed in section 4.
Big Bend Regional Aerosol and Visibility Observational Study (BRAVO)
[15] The BRAVO study was designed to investigate the causes of haze at the Big Bend National Park. The network operated from July through October 1999, measuring fine aerosol mass and its constituents, atmospheric optical properties, gaseous air pollutants and meteorology at this national park located near the Rio Grande River in South Texas.
[16] The photoacoustic instrument used for the BRAVO study was constructed of stainless steel, and has an operating acoustic resonance frequency of approximately 500 Hz. The basic instrument design was similar to that of Arnott et al. [1999] , though phase-sensitive detection was accomplished with an analog to digital converter (a/d) with hardware trigger and laser beam power modulation via a chopper controlled by a counter/timer on the a/d card. The 1 00 diameter microphone used was a Brüel and Kjaer type 4179, retrofitted to accomplish static pressure equilibration on both sides of the microphone membrane so that the microphone calibration does not drift due to the ambient pressure difference between the instrument interior and the local environment. The sample inlet consists of first an inverted metal cup facing downward with a screen on the open end to keep insects out; a 3/8 00 OD metal tube punched through and soldered to the bottom of the metal cup; a 2.5 mm cut point cyclone (URG) connected to the tube; a vertically oriented annular denuder (URG model 962) coated with MnO 2 to take out NO 2 that might otherwise produce a photoacoustic signal from light absorption in the green wavelength region [Adams et al., 1986] ; a 1 m section of 1/4 00 OD metal tubing from the outlet of the denuder; two Helmholtz resonator acoustic band-stop filters and a tuned filter in parallel with the 1/4 00 sample line to reduce low frequency noise and noise at the operating frequency; and finally the inlet to the photoacoustic instrument. The flow rate was 2.5 LPM.
[17] Colorado State University operated a Magee Scientific aethalometer (Model AE-16) continuously during the study. The aethalometer measures the concentration of absorbing aerosol by the theory of optical attenuation of light. An aerosol sample is deposited continuously on quartz fiber filter tape [Hansen et al., 1984] . It is assumed that aerosol absorption is due mainly to carbonaceous particles (referred to here as black carbon, BC). A beam of light is directed at the aerosol deposit spot on the tape and the attenuation of light due to aerosol absorption is measured by detection of transmitted light through the sample on the filter. The measurement is made at successive time periods and during every measurement interval a light source (nominal l = 880 nm) shines on the aerosol deposited on the filter. A photocell beneath the filter casing detects the transmitted light and as the concentration of absorbing species increases, the transmitted light decreases. The tape is automatically advanced when the loading on the filter attenuates 25% of the original transmitted light. The lamp is operated for approximately one minute during the measurement period. Measurements are also performed when the lamp is off to determine zero offsets. A reference beam measurement is performed to correct for small changes in the output of the lamp.
[18] The sample flow rate is provided by an external pump and measured by a mass flowmeter inside the instrument. The front panel displays the flow rate in standard liters per minute (SLPM) and the present BC concentration in (ng m À3 ), which is computed based on the zero and reference beam detection, measured light attenuation, sample volume and optical properties of the filter and optical components.
[19] The minimum detection limit (MDL) of the instrument was determined after the BRAVO study at the Atmospheric Simulation Laboratory at Colorado State University in Fort Collins, Colorado. Particle-free air was delivered to the instrument at 5 sLPM for a period of 6 hours and 6.5 sLPM for 6 hours, and from these measurements the MDL was determined to be 71 ng m À3 for an hourly average.
[20] The aethalometer used a mass flow controller referenced to standard conditions of temperature and pressure (T s = 273.15 K, P s = 1013.25 mbar), so the data are relevant to an air parcel at these conditions. To compare the aethalometer and photoacoustic measurements at the local conditions during the study, the following expression was used:
Figure 1. Calculated ratio of the photoacoustic source term for a liquid water droplet to that of a 'dry' droplet (mass diffusion D 1,2 ! 0). This ratio provides a likely worst case scenario for the lower bound for the reduction in the photoacoustic signal when the latent heat associated with evaporation and condensation devours some of the laser light absorbed by the particle instead of having all of the absorbed light go into heat transfer to the surrounding air.
where T and P are the local pressure and temperature in the photoacoustic instrument, and BC s is the black carbon measurements reported by the aethalometer.
[21] Figure 2 shows a time series of photoacoustic and aethalometer measurements of black carbon, as 12 hour averages. The relative scaling of aethalometer and photoacoustic data was obtained from the linear regression shown in Figure 3 . The time series shows the light absorption was usually less than 2.2 Mm À1 at this site, and less than 0.2 mg/ m 3 , consistent with other measurements in the arid southwest USA [Pinnick et al., 1993] . Between 20 and 23 September, the temporal variations of the measurements are very similar. Around 25 September and 2 October, both measurements indicate low values, and the aethalometer measurements are smoother than the photoacoustic measurements. From 8 through 16 October the photoacoustic measure of light absorption is proportionally lower than the aethalometer measure of black carbon. In summary, there are periods of agreement and disagreement in the relative trends of black carbon measurements by the two methods, perhaps due to compositional changes and to the difference in the detection limits of the methods.
[22] The photoacoustic instrument used here is more sensitive to ambient noise than its later versions. Larger signal variations around 2 October could be related to this issue. For a 12-hour average, the detection limit of the photoacoustic measurement should be lower than 0.1 Mm À1 based on the measured random acoustic noise background at 10-min time average and the extrapolation of this to the 12-hour averaging time (the noise floor decreases as the inverse of the square root of the averaging time). This square root dependence has been routinely demonstrated in measurements, and the noise-limiting factor in the photoacoustic measurements has been identified as ambient or sampling derived acoustic noise (rather than microphone or other electronic noise).
[23] Photoacoustic light absorption measurements are plotted against aethalometer black carbon measurements in Figure 3 . Here hourly averaged data are compared. The slopes of the linear models are 8.4 m 2 g À1 and 9.9 m 2 g À1 , depending on whether the entire data set was considered (solid line), or just the data corresponding to BC > 0.15 mg m À3 . The purpose of showing two slopes is to indicate the range of values obtainable when measurements are near the noise floor of the instruments. One could interpret these numbers as efficiency factors to use in converting between aethalometer measurements of black carbon aerosol light absorption. (Keep in mind that the aethalometer data is obtained by using an empirical efficiency factor of around 19 m 2 g À1 to go between apparent filter absorption and BC as discussed by Bodhaine [1995] . The multiple-scattering filter-substrate tends to amplify light absorption beyond the in situ value. The correlation coefficient is relatively small (0.45), appropriate for signals close to the detection limits of the instruments, but for the 738 measurements, it does indicate that the measurements are correlated. It is suspicious that the aethalometer BC data never goes to zero, perhaps suggesting that a small fraction of its response is due to contamination by scattering aerosol. By comparison, other studies [Moosmüller et al., 1998 ] comparing versions of these two instruments indicated an efficiency factor of 10.0 m 2 g À1 for a mostly urban aerosol dominated site in Brighton, Colorado. The uncertainty is unavailable, but is likely lower than the value above due to the higher concentrations observed at this site. These earlier measurements were made with the first DRI prototype instrument that is functionally similar to the one used at BRAVO, but differing in material construction (copper versus stainless steel) and acoustic resonator cross section.
Results of the Photoacoustic IOP Held at the SGP in 2000
[24] An intensive operation period (IOP) entitled the Photoacoustic IOP was held in March and April of 2000. The main purpose was to see if complementary measurements of aerosol light absorption could improve confidence in these measurements. A second purpose was to evaluate methods for measuring the influence of relative humidity on aerosol light absorption. The measurements were obtained at the Southern Great Plains (SGP) Department of Energy Clouds and Radiation Testbed (CART) site in northern Oklahoma [Stokes and Schwartz, 1994] .
[25] The NOAA Climate Monitoring and Diagnostics Laboratory operates a scanning-humidity aerosol system at the SGP Central Facility [Sheridan et al., 2001] . A schematic of this system, along with the additional instruments (PSAP 2 and DRI Photoacoustic Instrument) used for this study, is shown in Figure 4 . By changing the relative humidity in the humidifier, measurements of the scattering and absorption of relatively dry aerosols can be compared with essentially simultaneous measurements of the same aerosols at elevated RH. After consultation with NOAA personnel, it was decided that NO 2 denuders would not be used for the photoacoustic measurement because of the expected low concentration at the SGP. NO 2 is the chief gaseous interference at the 532 nm wavelength of the laser used in the photoacoustic instrument.
[26] Aerosol light scattering and hemispheric backscattering were measured using two three-wavelength integrating nephelometers (TSI Model 3563). The middle wavelength of the nephelometers is centered at $550 nm, which is close to the operating wavelength of the light absorption instruments. Light absorption was measured for dry and humidified aerosols with two PSAPs and one photoacoustic instrument. Sample flow to one of the PSAPs was taken from a pickoff point just upstream of the reference nephelometer. The aerosol measured with this PSAP and the first nephelometer was relatively dry, with air stream relative humidity typically <40%. The humidified aerosol for the second PSAP and for the photoacoustic instrument was sampled just downstream of the humidified nephelometer.
[27] Typically, a 1-hour cycle for humidification was employed. The humidity in the humidified PSAP and the photoacoustic instrument started each hour near 40%. After spending 12 min at $40% RH (for stabilization and to permit a nephelometer zero check to occur), humidity was increased every 6 min ramping through the following levels: 50%, 60%, 70%, 75%, 80%, 85%, and 90%, after which it was dropped back to 40%. A 6-min humidity decrease period was required to get the RH to drop from 90% back to 40%. While the humidity control was performed based on a measurement at the inlet of the humidified nephelometer, the actual humidity in each instrument was measured, and instruments were gently warmed or cooled in order to stay near the control humidity and to prevent condensation in the sample lines.
[28] To arrive at the true aerosol light absorption coefficients, raw PSAP data were processed using the methods described by Bond et al. [1999] . A brief description of the treatment is given below. During this processing, the following adjustments were made to the raw absorption coefficients. Flow and spot size calibrations were used to correct the raw absorption coefficients. The absorption data were adjusted to 550 nm from the working wavelength of 567 nm to agree with the scattering data. An empirical calibration was employed that accounts for nonlinearities in the response of the unit as the filter is loaded. Additionally, corrections for the PSAP response to scattering aerosol and for the apparent magnification of absorption by the filter medium were applied. The instrument reports the aerosol light absorption coefficient at conditions of standard temperature and pressure (STP, 0°C and 1013.25 mbar).
[29] The major corrections to the nephelometer scattering coefficients are for angular nonidealities (i.e., truncation) and the nonlambertian diffuser. These corrections are documented in [Anderson and Ogren, 1998 ]. The nephelometers report the aerosol light scattering coefficients at the temperature and pressure of the nephelometer cavity. These scattering data were then corrected to STP to be on the same volume basis as the light absorption measurements.
[30] A variety of aerosols and conditions were encountered at the SGP during the IOP; including cases of very clean air (background), cases of long-range transport of probably vehicle exhaust (tractors, interstate, roads, etc, mostly diesel perhaps?), and cases of smoke plumes from local agricultural burning. And here are the main findings:
1. The photoacoustic data correlate well with the dry PSAP measurements. The time series for the measurements is shown in Figure 5 . But the magnitude of absorption is different by these two methods. The slope of the correlation is not 1, but is close to 1.61. See Figure 6 .
2. The photoacoustic data show weak dependence of light absorption on RH, actually a decrease as the RH approaches 95%. See Figures 7 and 8 . Theory suggests perhaps a 35% increase in light absorption for sulfate-coated carbon cores at an RH of 95% [Redemann et al., 2001] . But are light-absorbing aerosols hygroscopic? (This is likely, especially for multicomponent aerosols.) Does the photoacoustic instrument accurately measure light absorption as the RH increases? (This likely underestimates light absorption as RH goes to 100% as shown in Figure 1 .) What are . Typical time series of the RH measured in the photoacoustic instrument (thick curve) and the inlet cutpoint as indicated by the ambient pressure in the photoacoustic instrument during the course of 1 hour. Thin curve indicates when two sample inleet cut points are used, as indicated by the static pressure changes in the instrument. The 1-micron inlet, and associated flow resistance, gives a lower static pressure in the photoacoustic instrument. RH is actively controlled for some measurements at the SGP to investigate the effects of humidification on aerosol optics, rising from below 40% to around 90% during the course of every hour. the particle losses in the humidification system? (It is likely humidity dependent, with a range of losses now thought to be 10%-20%.) Figure 7 shows the variation of RH during the IOP, as a result of intentional RH conditioning with the system used routinely at the SGP. The inlet was also switched between a 1-mm cut point and a 10-mm cut point every 6 min, and filtered air was introduced on the hour to zero the nephelometers. The influence of relative humidity on aerosol optics is characterized by a function fRH defined as 
This function is usually applied to scattering measurements, but will also be applied to aerosol light absorption. Figure 8 shows the averaged fRH for scattering at 550 nm, and for absorption obtained by using the photoacoustic data for the RH dependent light absorption measurement, and the standard SGP PSAP for the dry measurement. Note, as expected, that scattering increases as the relative humidity increases due to particle swelling upon humidification. In the absorption measurement, the photoacoustic data were scaled up by a factor of 1.61 based on the correlation result shown in Figure 6 . The general trend indicated in Figure 8 is for the measured absorption to diminish as the RH increases. It is hypothesized that this reduction is due at least in part to the influence of mass transfer to the photoacoustic signal. The extrapolated photoacoustic signal to an RH of 100% is in the ball park of the ratio 0.3 at 30 C for the theoretical photoacoustic signal reduction due to mass transfer, as shown in Figure 1 . Particle losses in the sampling system may also contribute some to the reduction in the photoacoustic signal at high RH. Humidity strongly drives aerosol scattering [Covert et al., 1972; Ghan et al., 2001; Day and Malm, 2001 ] though its influence on aerosol light absorption is still unknown.
3. The humidified PSAP shows erroneously high light absorption as the RH increases, as an artifact of the filter taking on aqueous solution from scattering aerosol as the RH goes up, or some other physical effect. When the RH goes back down, this PSAP shoots erroneously negative as shown in Figure 9 . This observation emphasizes the importance of operating PSAPs with a dried air stream for measurements on a routine basis. It calls into question measurements taken with a PSAP at elevated or rapidly changing RH, as often is the case for sampling from aircraft. The basic reason for the PSAP response with high relative humidity is that the filters are a borosilicate glass fiber backed by a cellulose membrane. This membrane is very hydrophilic and strongly absorbs water at high RH. Subsequent laboratory tests on new filters; i.e., no existing particle deposits, showed the same RH response. The cellulose membrane acts as a shutter as its fibers swell and shrink with RH changes.
[31] The time series data leading up to, and including a portion of a biomass burning event is shown in Figures 10a  and 10b , and aerosol intensive properties computed from light absorption and scattering are shown in Figure 11 . This is a little more than 7 hours of data as indicated by the humidity ramps. In Figure 10 , the photoacoustic data have been scaled up by the factor of 1.61 suggested in Figure 6 to . Concurrent photoacoustic and dry PSAP measurements shown in Figure 10a do not show such strong variations with RH. These variations are thought to be an artifact due to filter fiber swelling and shrinking as RH changes occur.
emphasize the generally excellent correlation with the dry PSAP data for light absorption. This was done to ease the interpretation of the figure, not to imply that the dry PSAP data are more accurate than the photoacoustic data. However, note that the photoacoustic data fall significantly below the dry PSAP data during the humidity ramp that ends at day 88.95, and again on the next humidity ramp. Also note that for these particular humidity ramps, the fRH function in Figure 11 is notably low, and is even below unity during the 1 mm inlet samples (refer to Figure 7 for the inlet switching scenario).
[32] Low values of fRH may be due to particle losses in the wet nephelometer. The normal processing of light scattering data from the wet nephelometer at the SGP typically adjusts the data at 40% RH to match the dry nephelometer scattering value. The same amount of scattering is added to the wet nephelometer data for the remaining measurements during the hour as the RH is increased. These particle losses in the sampling system most likely occur in the RH control system, and usually amount to a 10% to 15% reduction in the wet scattering value at 40% RH compared to the dry scattering value. Both nephelometers should read the same scattering at 40% RH. The upshot of this discussion is that in these last two full ramps of the RH in Figure 10b , the photoacoustic measurements of light absorption are notably below the dry PSAP values just where the fRH function indicates notable particle loss by dropping below unity. While it is not conclusive to address black carbon particle loss using the wet and dry nephelometer data, it suggests that particle loss in the sampling system could be at least partly responsible for the apparent reduction in light absorption with RH increase as noted in Figure 8 .
[33] Figure 11 also shows the single scatter albedo calculated from the nephelometer scattering measurements and the dry PSAP absorption measurements. At the left the oscillation is due to the relatively low values of light absorption and the attendant noise. The dry PSAP values were modified in that they were reduced by a factor of 1.61 Figure 10 . Relative humidity in the wet neph (green), modified photoacoustic light absorption scaled up by a factor of 1.61 based on the correlation in Figure 8 (black) to emphasize the general strong correlation with the dry PSAP light absorption (blue). Figure 10a is an example of typical time series, and Figure 10b coincides with local farmers burning their fields. In Figure 10b , note that the phototoacoustic values fall below the dry PSAP values around day 88.95, as the RH increases. This may be due to particle loss in the sampling system; see Figure 11 . Figure 11 . Calculated aerosol properties including the scattering fRH function (triangles), the single scatter albedo as obtained from the PSAP data (squares), and the modified single scatter albedo (open circles) obtained when the PSAP data are divided by 1.61 as suggested from the correlation with the photoacoustic data. The average single scatter albedo from the PSAP data are 0.87, and is 0.92 from the modified PSAP data. Note that the fRH data are below unity, especially in the lower RH portions of the data. This indicates particle loss between the wet and dry nephelometers. The sawtooth pattern especially evident at the right correlates with the changes between the 1 mm inlet and 10 mm inlet, with the lower values of the sawtooth associated with the 1 mm inlet. See Figure 10 for the humidification ramps.
as suggested by the correlation shown in Figure 6 , and the single scatter albedo was recalculated as shown in Figure 11 . The single scatter albedo is reported to drop during the smoke event past day 88.9. The average values of the single scatter albedo over the entire period were 0.87 and 0.92 for the modified PSAP values. In other words, the factor of 1.61 that separates the photoacoustic and PSAP values of light absorption makes a significant influence on the single scatter albedo. A value of 0.85 has been discussed as the cross-over value between a generally cooling effect on climate and a heating effect on climate by atmospheric aerosols [Horvath, 1993] . It is not yet known whether adsorption of semivolatiles on the PSAP filter could cause an optical artifact as noted for water vapor.
Discussion
[34] Water vapor is the most volatile component likely to be found on black carbon, and there is little doubt that soot takes on moisture at RH well below 100% (think of activated carbon filters), and that soot can be restructured by water vapor [Chughtai et al., 1996; Weingartner et al., 1997; Chughtai et al., 1999] and cloud processing [Colbeck et al., 1990] . Theory indicates, at least in the extreme case of a water droplet, that mass transfer lowers the efficiency of sound production by wet aerosols when compared with dry aerosol. The photoacoustic measurements of the RH dependence of light absorption indicated a reduction in value for RH above 65%, so the PA measurement should be accomplished at an RH below this value to avoid the contribution of mass transfer to the photoacoustic signal. The photoacoustic instrument has a more predicable response to elevated RH than does the PSAP filter based method. Yet the uncertainty in black carbon aerosol loss in the RH sampling system at the SGP prevents a strong statement on the cause of the reduction the photoacoustic signal with increased RH.
[35] Filter based measurements of black carbon content with an aethalometer and aerosol light absorption with a PSAP are similar measurements. Light is transmitted through an aerosol-impregnated filter and a measure of optical transmission through the filter is obtained. The apparent optical depth increase from one measurement to the next is normalized by the sample volume and filter spot size, and then multiplied by an empirically determined constant to obtain black carbon content (aethalometer) or aerosol light absorption (PSAP). (The PSAP data are further adjusted to subtract off an empirically determined contribution from scattering aerosol.) The interpretation of aethalometer data as a black carbon amount is physically reasonable since aerosol light absorption occurs throughout the aerosol particle volume, assuming that black carbon is the only absorber present. The constant of proportionality to go between aerosol light absorption and black carbon content does depend on particle refractive index. However, elemental carbon obtained by the thermal optical reflectance method [Chow et al., 1993] from vehicle exhaust correlates well with both black carbon data obtained with an aethalometer and light absorption data obtained with a photoacoustic instrument [Moosmüller et al., 2001] . Reasonably good correlation has been found between filter-based methods for quantifying light absorbing aerosol and the photoacoustic method. However, the photoacoustic instrument can be calibrated using gas [Arnott et al., 2000] , something that cannot be done with the filter methods. Since filter based methods are in wide spread use, photoacoustic measurements such as reported here are helpful in interpreting the filter data.
[36] It is hypothesized that the erratic response of the humidified PSAP (Figures 9 and 10 ) may be due to the formation of a so-called ''Janus interface.'' Such an interface is formed when water is confined between adjacent hydrophobic and hydrophilic surfaces. With a rich assortment of aerosol on the filter substrate, the formation of such an interface may be inevitable, with water provided by hygroscopic aerosol at RH well below 100%. To quote recent research on this subject [Zhang et al., 2002] , ''The physical picture emerges that whereas surface energetics encourage water to dew at the hydrophobic side of the interface, the hydrophilic side constrains water to be present, resulting in a flickering, fluctuating complex.'' This fluctuating complex may be realized in optical signal of the PSAP at high RH.
[37] The measurements at the SGP indicated good correlation between photoacoustic and PSAP aerosol absorption instruments, but that the PSAP values were on the averaged considerably larger than the photoacoustic values. It is important to resolve this conundrum, as aerosol light absorption is one component of climate that has a strong anthropogenic character. The amount of sunlight converted to heat by these small particles needs to be known as science and public policy dance around common problems.
